INTRODUCTION
Ameloblastoma is a benign but a locally invasive odontogenic neoplasm arising from the odontogenic epithelium. They account for about 1% of all oral tumors and about 18% of odontogenic tumors. It is primarily seen in adults in the third to fifth decades of life, with almost equal sex predilection. [1] The tumor is more common in the mandible than in the maxilla and shows a predilection for various parts of the mandible. Clinically, it often presents as a slow growing, painless swelling causing expansion of the cortical bone. [2] Radiographically, it appears as an expansile radiolucency with thinned and perforated cortices, frequently causing root resorption. Large tumors can break through the cortex and involve the soft tissues. [1] There are many histological variants of ameloblastoma, but the most common ones are follicular (32.5%), plexiform (28.2%), acanthomatous (12.1%), granular cell (5%), basal cell (2.02%) and desmoplastic (4-13%) type. Based on the site and type of presentation, the ameloblastomas can be classified as solid/ multicystic type, extraosseous/peripheral type and unicystic type. [3] The most common and aggressive is the solid/ multicystic type whereas less common and less aggressive are the unicystic and peripheral ameloblastomas. [4] These tumors have high chances of local recurrence and due to its slow growing nature, often there is a delay in diagnosis by the dentists. Numerous studies have been found to explain the molecular pathogenesis of ameloblastoma. Every cellular change, including proliferation, differentiation and tumorigenesis occurs through the activation or inactivation of the related molecular signaling pathways. The important signaling molecules are either overexpressed or underexpressed during tumorigenesis of ameloblastomas. [5] Ameloblastoma histologically resembles the epithelial odontogenic apparatus, such as enamel organ and dental lamina; however, the detailed mechanism of oncogenesis, cytodifferentiation and tumor progression remains unknown. The molecular and genetic alterations that occur in ameloblastoma would be discussed in this review which is helpful for better treatment and prognosis. Table 1 illustrates molecular markers expressed in ameloblastoma.
IMMUNOEXPRESSION OF CANCER STEM CELLS IN AMELOBLASTOMA
It has been hypothesized that tumors are more likely to be initiated in normal stem cells or their immediate descendants and then are perpetuated by a minority of these cells known as cancer stem cells (CSCs). [6, 7] Kumamoto et al. investigated the role of the expression of stem cell-related molecules in oncogenesis and cytodifferentiation of odontogenic tumors, expression of CD 133, Bmi-1 and ATP-binding cassette subfamily G member 2 (ABCG2) in ameloblastic tumors and tooth germs. CD 133, prominin-1, a product of single copy gene on chromosome 4 (4p 15.33) in humans has been found to have an important role in cell growth, development and tumor biology. It is expressed in the differentiated epithelia of various organs, and lack of expression of this marker could initiate tumors, mainly brain tumors. Another marker known as polycomb complex protein Bmi-1 or polycomb group RING finger protein 4 is a protein in humans encoded by Bmi-1 gene. This complex is an epigenetic repressor of multiple regulatory genes involved in self-renewal in somatic stem cells. It interacts with several signaling pathways such as Wnt, notch, hedgehog (Hh) and Akt and has an important role in DNA damage repair. Aberrant expression of this complex leads to many cancers. Positive expression of CD 133 and Bmi-1 was observed in odontogenic epithelial cells, ameloblastomas and metastasizing ameloblastomas. Ameloblastic carcinomas also showed reactivity for CD 133 and Bmi-1. When compared to tooth germs and ameloblastomas, malignant ameloblastic tumors. showed increased expression of CD 133. The study proved that stem cell-related molecules have a role in oncogenesis, cell differentiation and malignant potential of odontogenic epithelium. [8] In a study by Sathi et al., two distinct cell types were observed such as peripheral columnar epithelium and central stellate reticulum-like cells. Peripheral cells were situated at invasive front, and they were positive for cancer stem cells (CSC) markers and cell proliferation marker Ki-67. Therefore, in these cells, it is possible that CSC markers only maintain cellular proliferation and tumor progression. In contrast, few CSC marker-positive central stellate reticulum cells situated at the close vicinity of the peripheral cells were devoid of Ki-67 expression. These cells may have the potential to be cancer stem-like cells. In accordance with this hypothesis, stellate reticula-like cells could change their morphology and differentiate into different 
SIGNALING PATHWAYS
Various signaling pathways have been identified to explain the pathogenesis of ameloblastoma. Sonic Hedgehog (SHH), a mammalian homolog of drosophila segment polarity gene Hedgehog, encodes a secreted protein that activates a membrane receptor complex formed by patched 1 (PCTH 1) and smoothened (SMO). [9] [10] [11] [12] In the absence of SHH, PCTH inhibits SMO. When PCTH-SHH binding occurs, SMO is released, glioma-associated (GLi 1) family transcription factor gene is activated and SHH signaling is mediated from cytoplasm to nucleas. High expression of SHH, SMO and GLi 1 was reported in ameloblastoma. [9, 10] The benign and metastasizing types of ameloblastoma showed stronger PCTH 1 expression in neoplastic cells than stromal cells. Studies suggested that SHH signaling molecules may play a role in epithelial-mesenchymal interaction and cell proliferation in ameloblastoma. [13] WNT genes encode a family of 38-43 kDa glycoproteins, first identified in mammals as proto-oncogenic integration site for mouse mammary tumor virus. These proteins activate a number of signaling pathways that are divided into two categories: Canonical β-catenin pathway and noncanonical β-catenin independent pathway. WNT 5a signaling was found to have a crucial role in modulating tumorigenesis and behaviors of enamel epithelial cells in ameloblastoma. Overexpression of WNT 5a increases enamel epithelial cell migration while suppression impairs their migration and fails to form actin re-organization. Canonical WNT pathway is associated with the accumulation and translocation of adherens junction-associated protein β catenin into nucleus. Therefore, the main action is stabilization of β catenin and its translocation into nucleus, where it exerts its effect on gene transcription. This mechanism was demonstrated in ameloblastomas. [14] [15] [16] Bone morphogenetic protein (BMP) is a mesenchymal cell differentiation factor and a morphogen. It plays a crucial role in cell proliferation, differentiation, chemotaxis, extracellular matrix (ECM) production and apoptosis during the development process. [17, 18] Kumamoto examined tooth germs, ameloblastomas, malignant ameloblastomas and adenomatoid odontogenic tumors by reverse transcription polymerase chain reaction and immunohistochemistry for BMP-2, -4, -7, BMP receptors I and II (BMPR I and II), core-binding factor alpha 1 (CBFA 1) and osterix. They found that mRNA expression of BMPs, BMPRs, CBFA 1 and osterix was detected in all odontogenic tissues. BMPs and BMPRs was evidently expressed in odontogenic epithelial cells in tooth germs and epithelial odontogenic tumors. Acanthomatous ameloblastomas showed an increased BMP-7 reactivity in keratinizing cells. Ameloblastic carcinomas showed low reactivity for BMPs, BMPRs and CBFA1. [18] SMAD proteins are classified into different groups based on their function to regulate transforming growth factor β (TGF β) pathway or BMP pathway. SMAD 2/3 mainly mediates TGF β pathway. It has been investigated that SMAD 2 and 4 function as tumor suppressors and their deletions or mutations lead to tumor progression. In contrast, SMAD 3 plays a role in TGF β-induced inflammation and its mutation or deletion is infrequent. The TGF β/SMAD signaling pathway has an important role in the invasiveness of ameloblastoma, especially in later stages. In early stages, TGF β inhibits not only the growth, but also the invasion of the tumor, but in later stages, it promotes invasion of the tumor. Various mechanisms have been proposed such as loss of inhibitory response to TGF β, activation of ligand and reduced apoptosis of tumor, but the exact mechanism is still unclear, for which further research is mandatory. [19, 20] 
Expression of enamel matrix proteins
Expression of ameloblastin, anamelin and sheathlin protein was not found in ameloblastoma, suggesting that ameloblasts have not attained functional maturation in tumor cells. [21] In contrast, Snead et al. found that amelogenin is transcribed only by differentiated ameloblasts, which was expressed by amelostastic epithelial cells. [22] It was found that presecretory ameloblasts in inner enamel epithelium express calretinin during odontogenesis. This protein plays a role in the transition of dental lamina remnants to ameloblastoma. [23] Molecular markers involved in cell adhesion and migration Syndecan-1 also known as transmembrane heparan sulfate proteoglycan, CD 138, regulates many biological processes: Cytoskeletal organization, growth factor signaling, cell-to-cell signaling and ECM attachment. It is expressed by tumor epithelial cells, and loss of Syndecan-1 indicates unfavorable prognosis in epithelial tumors. The decreased expression of Syndecan-1 was seen in ameloblastomas which could attribute to its aggressive behavior. [24] Bologna-Molina et al. found reduced expression of syndecan-1 in solid ameloblastoma when compared to unicystic ameloblastoma. [25] Cadherins, keratin 7 (KRT 7) and Notch are cell adhesion molecules that are expressed on cell membranes in adherens junctions and have the ability to communicate with different intercellular controls. [26] As E-cadherin is an important regulator of cell adhesion with KRT 7 and Notch, loss of these genes could be associated with tumor progression in ameloblastomas. It was found that poorly differentiated tumors showed reduced expression of E-cadherin. [27] Integrins are transmembrane receptor proteins that bind to cell surfaces and ECM ligands, where they participate in anchorage to ECM proteins and in the modulation of multiple molecules involved in growth, adhesion, migration, proliferation, apoptosis and cell proliferation. [27] Integrin [28] Claudins are a family of proteins that participate in tight junctions; they are present in epithelial and endothelial cells and also participate in embryogenesis and organogenesis, mainly in epithelial-mesenchymal interaction. Bello et al. found in ameloblastoma an intense immunoreactivity of claudin 1, 4 and 7, principally in stellate reticulum-like cells. This increased expression indicated efforts of this protein to maintain cell-to-cell adhesion. Claudin 1 expression is seen in the regions of squamous differentiation of ameloblastoma. Decreased expression of claudin 7 is associated with invasive behavior of carcinomas. [29] González-Alva et al. suggested the role of podoplanin, a type 1 transmembrane sialo mucin-like glycoprotein composed of 162 amino acids, which is a lymphocyte-specific marker, reported to be associated with tumor-induced platelet aggregation, tumor metastasis and tumor invasiveness. [30] Metallothionein (MT) comprises a group of low molecular weight cysteine-rich intracellular proteins which can bind to both zinc and copper. It is a negative regulator of apoptosis, its overexpression promotes cell growth in some tumors. Ribeiro et al. studied the expression of MT in ameloblastoma and found its higher expression, suggesting its role as a reservoir for zinc, promitotic and anti-apoptotic features in tumor. [31] Molecular markers involved in cell proliferation P 16 (cyclin-dependent kinase inhibitor) is a tumor suppressor protein encoded by a CDKN2A gene, which acts as a negative regulator of proliferation of normal cells. Various studies have suggested that methylation of CDKN2A gene functions as a major mechanism of tumorigenesis in many odontogenic tumors including ameloblastoma. Suzuki et al. found the highest expression of p16 in follicular ameloblastoma followed by acanthomatous and the minimum reactivity was recorded in plexiform type. Furthermore, correlation between p16 expression and rate of recurrence was also established such as, in the plexiform ameloblastoma, the rate of recurrence was lowest and the expression of p16 would be lowest. [32] Ki-67 is a nonhistone nuclear protein and is considered to be the most reliable marker of cellular proliferation. It is present at all cellular phases of cell cycle except at resting phase G0. Ki-67-positive nuclei in ameloblastoma are mainly located in peripheral ameloblast-like cells in the follicular as well as in the plexiform areas of solid ameloblastoma and in the basal cells of unicystic ameloblastoma. Ki-67 labeling index was high in the tumor related to the recurrence of ameloblastomas. [33] Florescu et al. in their study observed an increased expression of Ki-67 in peripheral cells of tumor islands when compared to central cells, suggesting that peripheral cells are more proliferative. [34] Cyclin D1, a member of G1 cyclins, controls the cell cycle from G1 to S phase. The dysregulation and overexpression of cyclin D1 has been correlated with rapid growth and proliferative activity, histologic aggressiveness, tumor invasiveness and poor prognosis. Ameloblastoma exhibits diverse histologic patterns, and the overexpression of cyclin D1 is found in some plexiform ameloblastomas. The peripheral columnar and central stellate reticulum-like cells of ameloblastomas exhibit a immunoreaction of cyclin D1 which is not seen in squamous and granular cells of ameloblastomas. [35] Telomerase is a DNA polymerase that synthesizes telomeric DNA which compensates for its loss with each cell division, thereby stabilizing chromosomal structure. Telomerase reverse transcriptase (TERT) is a catalytic subunit of telomerase whose expression is correlated with telomerase activity. Kumamoto in his study estimated telomerase activity by the telomeric repeat amplification protocol assay and examined the immunohistochemical expression of TERT and c-myc protein in 21 ameloblastoma tissues. All ameloblastoma samples were positive for telomerase activity and TERT expression was detected in the nuclei of neoplastic cells but not in those of stromal cells. Numerous peripheral columnar or cuboidal cells, sporadic central polyhedral cells and some granular cells in ameloblastomas reacted with anti-TERT antibody. The results suggested that telomerase activity is associated with the oncogenesis or proliferative potential of odontogenic epithelium. The expression of c-myc protein showed a similar distribution pattern to that of TERT, suggesting that c-myc protein might induce telomerase activity in ameloblastomas. [36] In another study, it was reported that high expression of human telomerase RNA and h TERT was closely related to the clinical behavior of ameloblastoma and regulated by p53. [37] In some studies, the proliferative activity was assessed by proliferating nuclear cell antigen (PCNA) labeling. It is 36 kD nuclear protein and a polymerase expressed during late G1 and S phases. It is a good marker of aggressiveness, recurrence and malignant potential of ameloblastoma. Maya et al. in their study found highest PCNA proliferative index for plexiform ameloblastoma [38] whereas Salehinejad et al. found the highest mean index of positivity for PCNA in acanthomatous. [39] 
Molecular markers involved in tumor growth and angiogenesis
Growth factor and their receptors also play a important role in tumor development and progression. Myoken et al. developed a serum-free culture system for ameloblastoma cells and added fibroblast growth factor (FGF) 1 and FGF2. Ameloblastoma-like cells and stellate reticulum-like cells presented high expression of FGF1 whereas FGF2 was identified in basement membrane. Hence, FGF 1 has autocrine mechanism of tumor growth and FGF 2 has a role in tumor growth and also in invasion through induction of proteases. [40] In another study, Vered et al. evaluated the role of epidermal growth factor receptor (EGFR) level in ameloblastomas as they were considered to promote tumorigenesis. Anti-EGFR agents were found to reduce the size of tumors. [41] The expression of FGF1, FGF2, FGFR2 and FGFR3 in ameloblastoma has been previously reported, but in a study by Nakao et al., it was found that FGF7 and FGF10 are also expressed in ameloblastomas and have a role in the growth of ameloblastomas through MAPK pathway. [42] Angiogenesis is a fundamental event in the process of metastatic dissemination. Vascular endothelial growth factor (VEGF) is one of the key regulators of this process. Activation of VEGF receptor pathway triggers a series of processes that promote endothelial cell growth, migration and survival from pre-existing vasculature. It also mediates vessel permeability and has been associated with tumor angiogenesis. VEGF was assessed by anti-CD-34 antibody in benign and malignant ameloblastomas to clarify its role in the angiogenesis of odontogenic tumors. It was found that VEGF expression was low in keratinizing cells in acanthomatous ameloblastomas and granular cells in granular cell ameloblastomas and acanthomatous ameloblastomas showed the lowest VEGF reactivity among the subtypes of ameloblastomas. [43] Platelet-derived growth factor (PDGF) and its receptor (PDGF-α) levels were more in malignant ameloblastomas. [44] Midkine is a heparin-binding growth factor expressed during tooth development. This protein is usually overexpressed in ameloblastomas and ameloblastic carcinomas as ameloblastomas arise from odontogenic apparatus. This protein gave growth advantage to ameloblasts through upregulation of the MAP kinase (MAPK) and Protein kinase B (Akt) pathways and midkine expression in majority of ameloblastomas, especially solid/multicystic lesions may suggest a role of the protein in development, progression and behavior of the tumor. [4] 
Apoptotic markers
Tumor necrosis factor (TNF)-related apoptosis-inducing ligand (TRAIL) and TRAIL receptor are diffusely expressed in ameloblastomas and are possibly involved in the neoplastic transformation of odontogenic epithelium. Caspase 3, an enzyme in the apoptosis inducing protease, is associated with cell death. FAS, FAS ligand and caspase 3 are expressed in ameloblastomas. [45] Bcl-2 and bax are regarded as the most important apoptotic regulators. The excess of Bcl-2 homodimers favors cell survival and excess of bax favors cell death. Bcl-2 was found mainly in the peripheral basal cell layer of ameloblastoma. Survivin, member of IAP family of antiapoptotic proteins, inhibits apoptosis but also promotes cell proliferation in malignant tumors. It is expressed during G2/M phase of cell cycle and can be detected in nuclei of tumor cells, which may indicate a poor prognosis in several malignant tumors. [46] Tumor suppressor genes p53 is situated on chromosome 17 p13 and is one of the frequently altered genes in the tumors. Mutations and loss of heterozygosity of p53 gene have been associated with increased cellular proliferation and malignant potential. Kumamoto et al. observed that expression of p53 was higher in plexiform cases than in follicular cases. The results suggested that alteration of p53 cascade leads to oncogenesis or malignant transformation of odontogenic epithelium. [47] Hypermethylation of p16 tumor suppressor gene was observed in ameloblastoma and ameloblastic carcinomas. [48] The PTEN (phosphatase and tensin homolog deleted on chromosome 10) tumor suppressor is a PI (phosphoinositide) 3-phosphatase that can inhibit cellular proliferation, survival and growth by inactivating PI 3-kinase-dependent signaling. Recently, in a study by Scheper et al., allelic loss of PTEN was shown to occur in ameloblastomas. In carcinogenesis, loss of PTEN allows for overactivity of the phosphatidylinositol-3-kinase/protein kinase B (PI3K / AKT) pathway inducing an upregulation of mammalian target of rapamycin (mTOR) and its downstream effector ribosomal subunit-6 kinase (S6K); allowing for uncontrolled cell proliferation, apoptosis inhibition and cell cycle deregulation. Aberrant signaling in the PI3K/AKT/mTOR pathway may be the cause of aggressiveness of ameloblastomas. [49] 
Molecular markers involved in extracellular matrix degradation
Many studies have found the role of markers of ECM degradation in the invasion of ameloblastoma, and matrix metalloproteinases (MMPs) are zinc metalloenzymes involved in ECM remodeling. Overexpression of MMP-2 promotes invasion, metastasis and also induction of angiogenesis in the ameloblastoma. [50] Even interaction between MMP and osteonectin/secreted protein acetic and rich in cysteine (SPARC), a major noncollagenous constituent of bovine and human bone, occurs in response to tumor injury, growth and metastasis, contributing to aggressive behavior. Shen et al. studied immunohistochemical expression of osteonectin/ SPARC and MMP-1, -2 and -9 in 23 cases of ameloblastoma to regulate tumor invasion. MMP2 and -9 degrade type IV collagen in basement membrane. [51] Heparanase is an endoglycosidase enzyme, cleaves heparan sulfate and plays an important role in ECM remodeling. It mainly contributes toward tumor invasiveness and metastasis. Nagatsuka et al. in their study found that the increased levels of heparanase contributes toward local invasiveness of ameloblastoma. [52] 
Molecular markers involved in bone remodeling
Number of c ytokines such as interleukin 1 α , interleukin 1 β, interleukin 6 and TNF α possess osteolystic activity and they are been implicated in the growth and expansion of the ameloblastoma. [53] Ooya detected the expression of parathyroid hormone-related protein (PTHrP), osteoclast differentiation factor (ODF)/receptor activator of nuclear factor-kappaB ligand (RANKL) and osteoclastogenesis inhibitory factor (OCIF)/osteoprotegerin (OPG) mRNA in all tooth germs and ameloblastoma samples. In ameloblastomas, PTHrP, reactivity in peripheral columnar cells was stronger than central polyhedral cells, and keratinizing cells showed increased PTHrP reactivity. ODF/RANKL and OCIF/OPG were expressed predominantly in mesenchymal cells rather than in odontogenic cells in both tooth germs and ameloblastomas. Epithelial ODF/RANKL and OCIF/OPG expression was slightly lower in ameloblastomas than in tooth germs. Tumor cells in plexiform ameloblastomas showed higher reactivity for PTHrH and ODF/RANK L than tumor cells in follicular ameloblastomas. [54] Osteopontin (OPN) is a phosphorylated sialic acid-rich noncollagenous bone matrix protein. It has been implicated as a key factor in bone remodeling. In addition, CD 44 v6 expression was associated with migration and generation of metastatic tumors. OPN can trigger integrin-mediated signal transduction which, in turn, leads to osteoclastic activation. In addition, binding of OPN to osteoblastoma tumor cell membrane receptor CD 44 v6 can enhance tumor cell migration, invasion and spread. In ameloblastoma, high OPN expression and CD 44 v6 expression were found in both unicystic and multicystic ameloblastomas. [55] Twist is a mesoderm determining factor and it is a highly conserved basic helix loop helix transcription protein essential in embryological morphogenesis. Its high level in tumor will promote bone metastasis by bone remodeling and its high expression is found in solid ameloblastoma than unicystic ameloblastoma. [56] Molecular markers involved with the function of tumor stromal cells
The mean number of myofibroblasts is an important prognostic marker of aggressiveness of ameloblastoma. It is found to be high in solid ameloblastoma as proven in a study by Fregnani et al. [57] Another recent approach to the mechanism of invasion of ameloblastoma was focused on CD 10, which is cell surface zinc-dependent metalloprotease glycoprotein with endopeptidase activity. CD 10 is associated with differentiation and growth of neoplastic cells. Its expression is found to be increased with the increase in tumor dysplasia. It has been reported that solid ameloblastoma had high immunoreactivity for CD 10 with high chances of recurrence. Hence, CD 10 immunostaining may be useful to identify areas with locally aggressive behavior even in low-risk ameloblastoma. [58] CONCLUSION Pathogenesis of ameloblastoma is multifactorial and involves numerous cellular pathways. Diverse type of molecules and gene alterations affect the development and progression of odontogenic epithelium and these characteristics appear to depend on diverse molecular mechanisms. Proper understanding of the pathogenic mechanism involved in ameloblastoma and its proliferation will help in the development of new therapeutic approaches such as molecular-targeted treatment for odontogenic tumors.
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